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Abstract 
Biofuel cells performed similarly to those conventional fuel cells are regarded as one of potential substitute for 
fossil fuel. Developments of biofuel cells demonstrate the advantages on reduction of greenhouse gas emissions as 
well as increasing energy security. Enzyme-based biofuel cells is one kind of the biofuel cells, enzyme-based biofuel 
cells convert chemical energy into electrical energy via specific enzymes as biocatalysts. Glucose oxidase and laccase 
were immobilized onto carbon paper as bioanode and biocathode, respectively in enzyme-based biofuel cells system. 
Mediator and enzyme were mixed in phosphate buffer (pH 7) and citrate buffer (pH 5) solutions, respectively. A 
Nafion membrane117 was inserted to separate the two half cells. The power density with respect to different 
operating voltages was obtained with a glucose concentration of 10 mM. Potassium hexacyanoferrate III and ABTS 
(2, 2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) as mediators were added to the bioanode and biocathode cell, 
respectively. Carbon nanoballs were coated on the carbon paper and enormous enhancement of power density was 
achieved.  
The power-voltage with the CNB surface modifying by using plasma was with oxygen bubbling in cathode 
directly in the cell achieved up to 0.114 V. The power density was 65.5 μW/cm2. The assembled enzyme-based 
biofuel cells were studied under nitrogen at 37 ◦C in bioanode.  
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1. Introduction 
Global energy demand increases every year and subsequently global warming gas（CO2）also 
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increases. While the current petroleum supply meets much of this demand, the increasing difficulty of 
sustained supply and associated problems of pollution and global warming are acting as chief impetus for 
research into alternative renewable energy technologies [1]. Biofuel cell have been defined, in the 
broadest sense, as systems capable of direct chemical to electrical energy conversion via biochemical 
pathways [2-4]. Direct electrochemical conversion is a desirable feature since it avoids the 
thermodynamic limitations associated with combustion, in addition to being more environmentally 
friendly. 
The concept of biofuel cells has been known for nearly one century since the first microbial biofuel 
cell was illustrated in 1912 [5].In the 1960s, NASA in U.S.A showed a keen interest in power  generation 
from human wastes on the space shuttle. This inspired a wide range of R&D attempt to develop biofuel 
cells. Biofuel cells generate power from various substances, such as urea and methane, were built and 
tested during that interval. The first enzyme-based biofuel cells were reported in 1964 employing glucose 
oxidase (GOx) as the anodic biocatalyst and glucose as the fuel [6]. Enzyme-based biofuel cells offer a 
possible solution to this issue, what the enzyme-based biofuel cells needed for traditional cells usually 
being either hydrocarbon; although some cells have been flourish which run on other fuel such as 
hydrogen or methanol [7,8].  
Enzyme-based biofuel cells making use of a purified enzyme have arisen from a desire to have specific 
and defined reaction transpiring in the fuel cell. Many proposed uses for enzyme system are in vivo 
applications, such as self-powering glucose sensing employed in diabetics [9,10] or the long-standing 
goal of the implantable power supply for a car-diac pacemaker. As such, several technologies for direct 
electron transfer (DET) and mediated electron transfer (MET) biofuel cells of this type have been 
developed in parallel or associated with biosensor technology and have previously been studied from this 
angle [11]. The designs of biofuel cells have different requirements. Designing biofuel cells measures 
need to be done to reduce unnecessary diffusional resistances in the entrapment matrix. One such measure 
is if a biofuel cell can be created as a membrane electrode assembly (MEA), as the short diffusional 
distances compensate for the more convoluted diffusion path. This configuration has recently been 
reported [12,13]. Enzymes are immobilized on electrodes to facilitate the repeated use of the biocatalysts. 
The substrate use the glucose oxidized at the anode, producing protons and electrons. At the cathode, the 
oxidant (usually oxygen) reacts with electrons and protons, generating water. Two of the critical 
challenges in developing direct enzyme-based biofuel cells are short lifetime and poor power density, 
both of which are related to enzyme stability, electron transfer rate, and enzyme loading, are inefficient 
electron conduction between biocatalysts and electrodes. [14,15]. It is principal to note that the polymer 
electrolyte membrane (PEM) shown is a standard feature. However, there are selective enzymes on two of 
the cathode and anode, how is to eliminate the PEM [15]. In other words, enzyme can be used to replace 
the function of a PEM. 
In Figure 1 small biomolecules such as flavins, mediators and quinine compounds are able to transfer 
electrons directly to an electrode, and thus the redox behaviour of the compounds can be studied 
electrochemically. For large biomolecules, conducting polymers CPs, proteins and enzymes, are usually 
sluggish in the electron transfer reaction at an ordinary electrode. It relatively small redox proteins such as 
cytochrome c can exchange electrons rather rapidly with a promoter-modified electrode or an ordinary 
electrode under appropriate conditions, where the enzymatic reaction for the oxidation or reduction of the 
substrate (S) is linked to the electrochemical reduction or oxidation of the mediator (Mox/Mred) to use the 
electrode as a final electron acceptor or donor. The enzyme-catalyzed electrochemical oxidation or 
reduction of the substrate is called bioelectrocatalysis [16]. 
Mediators are redox species with reversible electrochemistry that can transfer electrons between the 
coenzyme/cofactor of an oxidoreductase enzyme and the electrode (current collector) [15]. In most of the 
cases, however, the redox unit is deeply buried into the protein structure and isolated with a thick 
carbohydrate shell. In order to overcome the kinetic barrier for electron transfer, a redox active species 
called mediator can be introduced to the bioelectrocatalytic system. It is used to shuttle electrons between  
the  enzyme  and  the  electrode  and  the process  is  referred  to  as mediated electron transfer (MET) 
[17]. 
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  Fig. 1. Schematic configuration and function of the bioanode electrode in contact with an enzyme-based biofuel cell 
system. 
 
The conducting polymers belonging to polyenes and polyaromatics such as polyacetylene, 
polyaniline (PANI), polypyrrole (Ppy), polythiophene, poly (p-phenylene), poly (phenylene vinylene) 
classes have been studied extensively. The resulting polymer had a conductivity of approx. 8 S cm-1. They 
synthesized continuous and freestanding films of conducting PPy using platinum electrodes. These films 
showed much higher electrical conductivity (100 S cm-1) and excellent air stability. The conducting 
polymers exhibit intrinsic electronic conductivity ranging from about 10-14 to 102 S cm_1 due to extension 
of the doped state [18]. 
In recent years, nanobiocatalysis increases the possibility to improve in these aspects. Many nano-
structured materials, such as mesoporous media, nanoparticles, nanofibers, and nanotubes, have been 
demonstrated as efficient hosts for immobilization of enzyme. It is evident that, when nanostructure of 
conductive materials are used, the large surface area of these nanomaterials can increase the enzyme 
loading and facilitate reaction kinetics, and thus improving the power density of biofuel cells. 
Nanocarbon materials such as carbon black, carbon nanotubes (CNTs), carbon nanoballs (CNBs) and 
carbon aerogel particles have been employed to form three-dimensional electrodes [19-29]. In these 
electrodes, mediators or redox polymers were not chemically immobilised to the nanocarbon materials 
[30].  
Plasma surface modification is an actively studied method by which surface conditions alone are 
modified without modifying the fundamental bulk characteristics. Using plasma surface modification, 
various functional groups can be introduced onto polymer surfaces. Usually, the following processes are 
undertaken for introduction of functional groups onto polymer surfaces using plasma processing. (1) 
Active species in the plasma generate carbon radicals in polymers through attacks to the surface polymer 
chains. (2) Carbon radicals react with the radicals in plasma. (3) Consequently, functional groups are 
introduced into the polymer chains, thereby modifying the polymer surfaces [31-43]. The present study 
aims to study the effect of plasma surface modification on the electrode in performance of biofuel cell.   
2. Experimental 
2.1 Preparation of electrode of anode and cathode 
Commercial carbon nanoballs powder (Vulcan® XC72, Cabot, USA) was used in both the cathode 
and the anode. The carbon nanoballs substrate was prepared by adding the carbon nanoballs powder and 
Nafion® solution (5 wt.-%, DuPont) into 6 mL isopropanol, followed by ultrasonic treatment for 90 min. 
The weight ratio of the carbon nanoballs powder and Nafion® solution was 1:10. Carbon nanoballs 
substrate was used dropper to drop onto the carbon paper (GDL 10 BC, SGL, Germany).  The sample was 
heat-treated in a vacuum oven at 60 °C to remove residual organic solvents [19,44]. 
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2.2 Surface modification of electrode by CH4/N2 low temperature plasma treatment 
Both methane (CH4) and nitrogen (N2) gases used to induce gas mixture plasma surface modification 
were of industrial grade with 99.997 % purity. Electrode of carbon paper model is GDL 10 BC was 
purchased from SGL a company. The plasma reactor system used in this investigation was a Pyrex glass 
tubular reactor (6.0 cm outer diameter, 5.3 cm inner diameter, and 45 cm length) , as shown in Figure 2. 
A copper coil was used for the generation of capacitively coupled mode electrical plasma power. The 
copper coil was placed on the Pyrex tube at a distance of 10 cm from one end, where the gas inlet was 
located. A CH4/N2 gas mixture was used as an input gas for plasma surface modification. The plasma 
power was applied at 13.56MHz radio frequency with a required match network unit (Huttinger 
Elektronik PFG-300RF generator). The working pressure was then adjusted to 120 m Torr. The input 
power was 30W, was chosen as the applied radio-frequency power. Treatment time was changed in the 
range of 0–6 min. [45]. 
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Fig. 2. Schematic of plasma reator system. 
2.3 Construction of the bioanode and biocathode 
The bioanode and biocathode were constructed by drop coating of an aqueous cross linking 
precursor composed of GOx and N3Fe(CN)6 for anode, laccases and ABTS (2,2’-azino-bis(3-
ethylbenzothiazoline- 6-sulfonic acid) for cathode, polyaniline, and carbon paper with nanoballs of active 
area of 1 cm2 on the surface. The preparation of the cross linking precursor began with preparing a PBS 
solution at pH7. Then, GOx, N3Fe(CN)6, polyaniline ,and CNBs, were added into the PBS solution. The 
starting recipe for the cross linking precursor contained 60 µg GOx, 2 mM N3Fe(CN)6, 2 mM 
polyaniline, , 6 µg CNBs, and 30 µL PBS at pH 7. The composition was subject to change while 
optimization. 
2.4  Performance test of the enzyme-based biofuel cell 
       The tested enzyme-based biofuel cells was composed of a GOx, N3Fe(CN)6, polyaniline ,and CNBs, 
bioanode with the best cross linking recipe (60 µg GOx, 2 mM N3Fe(CN)6, 2 mM polyaniline, 6 µg CNBs, 
and 30 µL PBS, pH 7), a Nafion® 117 proton-exchange membrane (PEM), and a biocathode chamber 
composed of a carbon nanoballs paper (active area = 1 cm2), immobilized laccase and ABTS, and 
bubbling oxygen whish flow rate was 1 mL/min. The bioanode was in contact with a PBS solution (pH 7) 
containing 10 mM glucose, whereas the carbon nanoballs paper (cathode)was immersed in a catholyte 
containing 60 µg lacase, 2 mM ABTS, 2 mM polyaniline,and 6 µg CNBs, and 30 µL citrate buffer saline 
CBS, pH 5, saturated oxygen, and citrate buffer saline (CBS, pH 5). The power output performance of the 
tested enzyme-based biofuel cells system was characterized by a slow-scan rate, two-electrode of voltage 
and current signal will be at the 24-Bit differential analogy module to received then send to computer to 
use Lab VIEW® evaluation software to analysis data at 37 ◦C. 
3. Results and discussion 
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Figure 3 shows the contact angles of the bioanode and biocathode by using plasma-modification 
with CH4/N2 gas mixture at different treatment time (120 sec, 240 sec and 360 sec). It can be seen that 
the untreated bioanode with GOx  mixture substrate has a contact angle of 141.7 O , which is hydrophobic 
and difficult to immobilize the enzyme in the matrix of carbon paper. The carbon paper with CNBs was 
modified by using plasma. The static substrate contact angle is decreased lower than 15.4O with increasing 
plasma treatment time.  The hydrophilicity of carbon paper also increased with increasing plasma 
treatment time. In similar, the contact angle of biocathode is from 135.9O down to 18.9O , which is due to 
the plasma reaction on the surface. In improving the hydrophilicity of the electrode of the bioanode and 
biocathode, the longer treatment time was more effective than the shorter treatment time.  Figure 4 shows 
the performance of enzyme-based biofuel cell. The plasma-modified electrode of the bioanode and 
biocathode has a strong affinity with GOx or laccase mixtures that enhances in immobilizing enzyme on 
the nanocarbon materials. The experimental result reveals the power density and cell voltage increases 
with increasing plasma-modified time. 
The application of the using plasma-modified electrode of bioanode and biocathode for the system of 
the eneyme-based biofuel cells, system has been demonstrated during GOx and laccase bioelectrode 
testing in galvanostatic regime. Figure 4 shows the bioanode and biocathode by using plasma-
modification with CH4/N2 gas mixture at different treatment time (120 sec, 240 sec and 360 sec) power 
density and cell voltage. At the plasma-modified 120 sec, analysis has shown that the cell 
electrooxidation current of glucose appears at 0.114V with a power density of 65.5 μW/cm2 . 
 Scanning electron microscopy was used to characterize and compare the morphologies of the 
Plasma-modified electrodes. Figure 5(a) shows the fold field emission scanning electron microscope 
FESEM images of the unmodified electrode of carbon paper with nanoballs surfaces. Figure 5(b) shows 
the electrode using plasma treatment with nitrogen /methane (2 : 1) gas mixture.  The nanosized particle 
and surface morphology of the plasma-modified electrode of carbon paper add nanoballs were similar to 
those of the unmodified control samples Figure 5(a). Figures 5(c)-(d) show the anode and cathode 
electrodes immobilized onto the GOx/ N3Fe(CN)6/ polyaniline and laccase / ABTS / polyaniline  
respectively. Figure 5(c) shows the plasma-modified electrode of bioanode surfaces, which has a rough 
surface structure with many nanosized particles or porous forms, which indicates the presence of 
bioelectrode particles. The porous forms on the surface of the electrode may be attributed to the increased 
immobilization of GOxs.  
4. Conclusions 
       The plasma surface modification will enhance in immobilized enzyme on the electrode. The power-
voltage with plasma modifying the CNBs surface unto 0.114 V. The power density is 65.5 μW/cm2.  The 
hydrophilicity on the electrode plays a crucial role in enhancing power density.  Hence, the optimal 
enzyme loading will be studied in the future. 
                            
Fig. 3.  Average contact angles of low-pressure plasma-modified electrode of the anode and cathode at different 
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treatment times. Plasma conditions: RF power of 30 W, CH4 flow rate of 2 sccm and N2 flow rate of 4 sccm (1 : 2 
methane–nitrogen gas mixture), and 120 m Torr. 
                                          
Fig. 4. Plot of power density and cell voltage at different treatment times of plasma-modification on bioelectrode 
                          
  
 
      
Fig. 5. Characterization of the electrode of bioanode and biocathode, 20,000 FESEM images of the (a) blank, 
electrode of carbon  paper add nanoballs (b) electrode of carbon  paper with nanoballs using plasma treatment at 30W 
for 120 sec (c) electrode of part (b) immobilizing GOx/ N3Fe(CN)6/ polyaniline (d) electrode of part (b) immobilizing 
laccase/ ABTS/ polyaniline 
Acknowledgement 
We would like to thank the National Science Council of Taiwan for financial support of this research 
under grant No, NSC 98-2221-E-155-028.   
References 
[1] Frank, D., Seamus, P. J. Higson., 2007, Journal of Biosensors Bioelectronics. 22,1224. 
[2] Bullen, R.A., Arnot, T.C., Lakeman, J.B., Walsh, F.C., 2006, Biosens. Bioelectron. 21, 2015. 
[3] Katz, E., Shipway, A., Willner, I., 2003, Handbook of Fuel Cells-Fundamentals, Technology and Applications. John Wiley 
& Sons Ltd (Chapter 21-biochemical fuel cells). 
[4] Shukla, A.K., Suresh, P., Berchmans, S., Rajendran, A., 2004, Journal of Curr. Sci, 87, 455. 
(a) (b)
(c) (d)
1810  Der-Jong Dai et al.\ / Energy Procedia 14 (2012) 1804 – 1810
[5] Potter, M.C.,1912,  Proceedings of the Royal Society B, Journal of Biol Sci, 84, 260. 
[6]Yahir, A.T., Lee, S.M., Kimble, D. O.,1964, Journal of Biochim Biophys Acta, 88, 375. 
[7] De Bruijn, F., 2005, Green Chem, 7, 132. 
[8] Bagotzky, V.S., Osetrova, N.V., Skundin, A.M., 2003, Russ. J. Electrochem, 39, 919. 
[9] Katz, E., Buckmann, A.F., Willner, I., 2001, Journal of  Am. Chem. Soc,123 (43), 10752. 
[10] Quinn, C.A.P., Connor, R.E., Heller, A., 1997, Journal of Biomaterials, 18 (24), 1665. 
[11] Habermuller, L., Mosbach, M., Schuhmann, W., 2000, Fresen. Journal of Anal. Chem,366 (6–7), 560. 
[12] Akers, N.L., Minteer, S.D., 2003, Preprint Pap. Am. Chem. Soc.Div. Fuel Chem, 48 (2), 895. 
[13] Akers, N.L., Moore, C.M., Minteer, S.D., 2005, Electrochim. Acta, 50 (12), 2521. 
[14] Kim, J., Jia, H., Wang, P., 2006, Journal of Biotechnol. Adv, 24, 296. 
[15] Minteer, S, D., Liaw, B, Y., L., Cooney, M, J., 2007, Journal of Current Opinion in Biotechnology,18, 228. 
[16] Ikead, T., and Kano, K., 2001, Journal of Bioscience and Bioengineering, 92, 1, 9 
[17] Ivanov, I., Vidaković-Koch, T., Sundmacher, K., 2010, Journal of energies, 3, 803. 
[18] Ahuja, T., Mir, I. A., Kumar, D., Rajesh., 2008, Journal of Biomaterials, 28, 791. 
[19] Leimin, X., Shijun, L., Lijun, Y., Zhenxing, L., 2009, Journal of Fuel Cells, No, 2, 101. 
[20] Kamitaka,Y., Tsujimura, S., Setoyama, N., Kajino, T., Kano, K., 2007, Phys. Chem. Chem. Phys, 9, 1793. 
[21] Tarasevich, M. R., Bogdanovskaya,V. A., Kapustin,A. V., 2003, Journal of Electrochem. Commun. 5, 491. 
[22] Tominaga, M., Otani, M., Kishikawa, M., Taniguchi, I., 2006, Journal of Chem. Lett, 35, 1174. 
[23] Sato, F., Togo, M., Islam, M. K., Matsue, T., Kosuge, J., Fukasaku, N., Kurosawa, S., Nishizawa,M., 2005, Journal of 
Electrochem Commun, 7, 643. 
[24] Togo, M., Takamura, A., Asai, T., Kaji, H., Nishizawa, M., 2007, Journal of Electrochim. Acta, 52, 4669. 
[25] Fischback, M. B., Youn, J. K., Zhao, X. Y., Wang, P., Park, H. G., Chang, H. N., Kim, J., Ha, S., 2006, Journal of 
Electroanalysis, 18, 2016. 
[26] Liu,Y., Wang, M. K., Zhao, F., Liu, B. F., Dong, S. J., 2005, Journal of Chem Eur, 11, 4970. 
[27] Barton, S. C., Sun, Y. H., Chandra, B., White, S., Hone, J., 2007, Electrochem. Solid-State Lett, 10, B96. 
[28] Yan, Y. M., Zheng, W., Su, L., Mao, L. Q., 2006, Journal of Adv. Mater, 18, 2639. 
[29] Komaba, S., Mitsuhashi, T., Shiraishi, S., 2008, Journal of Electrochemistry, 76, 55. 
[30]Tamaki, T., Ito, T., Yamaguchi, T., 2008, Journal of Fuel Cells, 1, 37. 
[31] Narushima, K., Yamashita, N., Fukuoka, M., Inagaki, N., Isono, Y., Islam, M. R., 2007, Japanese Journal of Applied 
Physics. 46, 7A, 4238. 
[32] Butoi, C. I., Steen, M. L., Peers, J. R. D., Fisher, E. R., 2001, Journa of Phys.Chem. B 105, 5957. 
[33] Meyer-Plath, A. A., Schroder, K., Finke, B., Ohl, A., 2003, Vacuum 71, 391. 
[34] Quoc, T. Le., Pireaux, J. J., Caudano, R., Leclere , P., Lazzaroni, R., 1998, Journal of Adhes. Sci. Technol. 12,  999. 
[35] Pawson, D. J., Ameen, A. P., Short,R. D., Denison,P., Jones, F. R.,1992, Surf. Interface Anal. 18, 13. 
[36] Narushima, K., Tasaka, S., Inagaki, N., 2002, Japanese Journal of Applied Physics. 41, 6506. 
[37] Inagaki, N., Narushima, K., Tsutsui, Y., Ohyama, Y., 2002, Journal of Adhes. Sci.Technol. 16, 1041. 
[38] Inagaki, N., Narushima, K., Lim, S. K., 2003, Journal of Appl. Polym. Sci. 89, 96. 
[39] Kurdi, J., Ardelean, H., Marcus, P., Jonnard, P., Arefi-Khonsari F., 2002, Appl. Surf. Sci. 189, 119. 
[40] Arefi-Khonsari, F., Kurdi, J., Tatoulian, M., Amouroux, J., 2001, Surf. Coat. Technol. 437, 142. 
[41] Narushima, K., Ikeji, H., Park, Y. W., Inagaki, N., 2003, Proc. 8th Japan Int. SAMPE Symp. 737. 
[42] Chen, M., Zamora, P. O., Som, P., Pena, L. A., Osaki, S., 2003, J. Biomater.Sci. Polym. Ed. 14, 917. 
[43] Schroder, K., Meyer-Plath, A., Keller, D., Ohi, A., 2002, Plasma Polym. 7, 103. 
[44] Tang, H. L., Wang, S. L., Jing, S. P., Pan, M., 2007, Journal of Power Sources. 70, 140. 
[45] Tasi, C.Y., Juang, R. S., Huang, C., 2011, Japanese Journal of Applied Physics. 50,08KA02-1. 
